The mechanisms that regulate mitochondrial inheritance are not yet clear, even though it is 100 years since the first description of non-Mendelian genetics. Here, we quantified the copy numbers of mitochondrial DNA (mtDNA) in the gametic cells of angiosperm species. We demonstrate that each egg cell from Arabidopsis thaliana, Antirrhinum majus, and Nicotiana tabacum possesses 59.0, 42.7, and 73.0 copies of mtDNA on average, respectively. These values are equivalent to those in Arabidopsis mesophyll cells, at 61.7 copies per cell. On the other hand, sperm or generative cells from Arabidopsis, A. majus, and N. tabacum possess minor amounts of mtDNA, at 0.083, 0.47, and 1 copy on average, respectively. We further reveal a 50-fold degradation of mtDNA during pollen development in A. majus. In contrast, markedly high levels of mtDNA are found in the male gametic cells of Cucumis melo and Pelargonium zonale (1296.3 and 256.7 copies, respectively). Our results provide direct evidence for mitochondrial genomic insufficiency in the eggs and somatic cells and indicate that a male gamete of an angiosperm may possess mtDNA at concentrations as high as 21-fold (C. melo) or as low as 0.1% (Arabidopsis) of the levels in somatic cells. These observations reveal the existence of a strong regulatory system for the male gametic mtDNA levels in angiosperms with regard to mitochondrial inheritance.
INTRODUCTION
Not long after the rediscovery of Mendel's laws of heredity in 1900, it was reported that leaf color patterns in the angiosperm species Pelargonium zonale and Mirabilis jalapa are inherited in a manner that is contrary to established genetic laws (Baur, 1909; Correns, 1909) . In sexual crosses of these plants, the filial generations always receive leaf colors from both male and female parents in Pelargonium (biparental inheritance) but from only the female parent in Mirabilis (maternal inheritance). These distinct patterns of inheritance were observed soon afterward in additional angiosperm species, such as Antirrhinum majus and a few species of Oenothera (for a historical review, see Hagemann, 2000) . It was subsequently established that the transmission of plastids (normal green plastids and mutated white/yellow plastids) during sexual reproduction underlies these non-Mendelian rules (Renner, 1934) . The identification of plastid DNA later in the 1960s provided a substantial basis for this nonnuclear heredity.
Several mechanisms are known to regulate plastid inheritance in angiosperms. These mechanisms appear as cellular events that block or facilitate the transmission of male or female plastids during sexual reproduction (for reviews, see Hagemann and Schrö der, 1989; Kuroiwa, 1991; Mogensen, 1996) . For example, an extremely polarized distribution of plastids in microspores during the first pollen mitosis results in generative cells free of plastids. This is the most prominent case supporting the maternal inheritance of plastids in angiosperms. Other evidence commonly used as indicative of maternal inheritance includes the degeneration of plastids within the generative and/or sperm cells and the exclusion of plastids from those cells. The plastids of mature sperm cells that have undergone such mechanisms are poorly inherited by the zygotes. It is clear, therefore, that these cellular events act to block the transmission of male plastids. For biparental plastid inheritance, however, male plastid transmission is facilitated by contrasting cellular events. The unequal distribution of microspore plastids does not occur in this case, and plastids distributed to the generative cells increase in number (Liu et al., 2004; Hu et al., 2008) and amplify their DNA (Nagata et al., 1999; Hu et al., 2008) . Hence, mechanisms that operate in the male gametic cells regulate non-Mendelian inheritance of plastids before fertilization.
In addition to these mechanisms, plastid inheritance is also affected by cellular events within the female gametic cell. In Medicago sativa, the frequency of male plastid inheritance relies on the genotypes of the female parents (Smith, 1989) . This is determined by spatial distributions of egg cell plastids (Zhu et al., 1993; Rusche et al., 1995) . A strong female transmitter (a genotype exhibiting a higher frequency of maternal plastid transmission) distributes the majority of cellular plastids (more than 60%) to the apical portion of the egg cell, which then forms the embryo, and positions the minority of plastids (less than 40%) in the basal portion, which is later incorporated into the suspensor cell (and will not be inherited). In contrast, plastid polarization occurs in the opposite direction within a weak female transmitter (more than 65% in the basal portion and less than 45% in the apical portion). The inheritance of plastids (male-to-female ratio) is thus affected by the partitioning of a greater or smaller portion of female (egg) plastids to the early embryonic cells.
Mitochondria are parallel organelles that contain their own DNA genome. This genome is inherited in a strictly maternal manner in animals and, with the exception of a couple of species showing biparental or paternal inheritance, in angiosperms (Ankel-Simons and Cummins, 1996; Mogensen, 1996) . Notably, the cellular events that block the maternal inheritance of male plastids do not necessarily block male mitochondria. For example, owing to the nonpolarized distribution of mitochondria in the microspore, the generative cell receives mitochondria after the first pollen mitosis. These mitochondria then remain structurally intact in the mature generative and sperm cells (for examples, see Clauhs and Grun, 1977; Sodmergen et al., 2002) . This largely differs from plastids that are either excluded from or degenerated within the male gametic cells in the case of maternal inheritance. On the other hand, a small number of other cellular events, such as the discarding of male gametic cytoplasm before and during fertilization in Hordeum vulgare (Mogensen and Rusche, 1985; Mogensen, 1988; Russell et al., 1990) , reduce the levels of both plastids and mitochondria in the male gametic cells.
It has been established that mitochondria contained in the male gametic cells participate in fertilization (Russell, 1980 (Russell, , 1983 . The maternal mode of mitochondrial inheritance, therefore, is not straightforward. A notable cellular event that facilitates this process, however, is the degradation of mitochondrial DNA (mtDNA) within the male gametic cells. This degradation has been observed, using both fluorescence and immunoelectron microscopy, in angiosperms such as Triticum aestivum (Miyamura et al., 1987) , Hordeum vulgare (Sodmergen et al., 2002) , Wisteria sinensis and Robinia pseudoacacia (Hu et al., 2005) , and Medicago truncatula (Matsushima et al., 2008) . Interestingly, this degradation process is not observed in angiosperms showing paternal or biparental mitochondrial inheritance, in which the amount of mtDNA increases in the male gametic cells in contrast to the typical situation (Nagata et al., 1999) . Therefore, it appears that the quantities of mtDNA in the cells are regulated in parallel with the modes of mitochondrial inheritance.
Maternal inheritance has been studied extensively in animals, and the elimination of male mtDNA occurs during spermatogenesis, such that a spermatozoon in the mouse maintains only ;50 copies of mtDNA (Hecht et al., 1984) . This equates to a 20-fold reduction compared with somatic cells, which are known to possess 10 3 to 10 4 copies of mtDNA per cell (Cummins, 1998) . On the other hand, a significant amplification of female mtDNA during oogenesis results in 5.0 3 10 5 copies of mtDNA in mouse oocytes (Shitara et al., 2000) . When these amounts of mtDNA mix during fertilization, the ratio of male to female mtDNA in the zygote is ;1:10 4 (50:5.0 3 10 5 ). At this ratio of inputs, the inheritance of the male mtDNA (via the small amounts of paternal leakage that inevitably happens during maternal inheritance) occurs at a frequency of 1.0 3 10 24 (Gyllensten et al., 1991) . If additional sperm mitochondria are introduced to fertilized eggs by microinjection, this results in a remarkable degree of paternal transmission (Shitara et al., 2000) . Clearly, tight regulation of gametic mtDNA quantities is critical for proper maternal inheritance in animals. In addition, the ubiquitin-mediated degeneration of sperm mitochondria in the zygote is suggested to act as a trigger for removing any male contributions after fertilization (Sutovsky et al., 1999 (Sutovsky et al., , 2000 Sutovsky, 2003; Thompson et al., 2003) .
We undertook this study to examine quantitatively the cellular events that may participate in the regulation of mitochondrial inheritance in angiosperms. Our experiments were designed to clarify (1) how and at what levels the gametic mtDNA quantities are regulated in relation to mitochondrial inheritance; and (2) if mechanisms such as the polarized distribution of mitochondria occur in egg cells and affect mitochondrial inheritance in a manner similar to that of plastids. Our analyses were greatly facilitated by recent technical advances, such as the successful isolation of sperm (generative) and egg cells, the successful application of PCR to a single cell or very small quantity of cells, and the development of effective three-dimensional analysis of an egg cell. Our efforts have led to the discovery of regulatory mechanisms for mitochondrial inheritance in angiosperms that are largely different from those found in animals. We conclude that male gametic mtDNA is highly regulated (either via elimination or duplication) in angiosperms and that this regulation plays a critical role in the determination of mitochondrial inheritance.
RESULTS

Technical Advances
The gametic cells of the angiosperms are closely protected within the gametophytes. The large-scale purification of these cells for the purposes of DNA quantification is thus difficult. To resolve this issue, we attempted DNA quantification using a nested PCR protocol, a method that allows the use of a single cell or very small quantity of living cells. To ensure the accuracy of our PCR quantification method, we used an internal competitor template. We designed the reactions to amplify partial fragments of the maturase (matR) and cytochrome c oxidase I (coxI) genes encoded by the mitochondrial genome (see Supplemental Figure  1 online). First, the amplification of the target and competitor sequences in a competitive manner was confirmed (see Supplemental Figure 2 online) and the PCR conditions showed sufficient sensitivity to detect very small numbers of mtDNA copies (up to two copies; see Supplemental Figure 3 online). The amplification efficiencies for the target and competitor templates were calibrated to eliminate minor errors that may occur due to slight differences between the templates (see Supplemental  Figure 4 online).
Our experimental scheme included the purification of the gamete cells and DNA quantification by PCR. Figure 1 outlines the procedure used for general cell isolation and purification and presents an illustrative example. To verify the validity of the quantification from cells, we tested the detection of mtDNA from mesophyll cells of Arabidopsis thaliana. It has been indicated previously that these cells contain ;50 copies of mtDNA per cell (Draper and Hays, 2000) . Our quantification analysis yielded an equivalent value at 61.7 6 5.5 copies per cell ( Figure 2A ) and thus appears to be an accurate method.
The leaf cells of Arabidopsis are known to possess ;670 mitochondria per cell (Sheahan et al., 2005) . Hence, the values that we and others have obtained (50-60 copies) for mesophyll cells of this species imply a significant insufficiency of the mitochondrial genome. To verify such a possibility, we stained the mesophyll protoplasts in Arabidopsis with 49,6-diamidino-2-phenylindole (DAPI). We inspected 197 mitochondria in total from different cells and found that 66 of these mitochondria had positive mtDNA (nucleoid) signals, while the remaining 131 mitochondria lacked this staining ( Figure 2B ). This indicates that mtDNA is undetectable in two-thirds (131 of 197) of the mitochondria in these cells. As controls for the positive staining, we used Autographa californica multiple nucleopolyhedrovirus (AcMNPV) and T7 bacterial phage containing 134 and 39 kb of double-stranded DNA per particle, respectively ( Figure 2C ). In addition, costaining of mitochondria and AcMNPV allowed a comparative detection of fluorescence between mitochondrial nucleoids and viral DNA. Through measurements from 49 mitochondria (nucleoid-containing) and equal numbers of virus particles costained with and localized in the fields neighboring the mitochondria (for an example, see images in Figure 2C ), we estimated that the mitochondrial nucleoids had a relative fluorescence of 0.81 6 0.33 M (fluorescence of an AcMNPV particle is determined as 1 M) on average ( Figure 2C ). This signifies that a nucleoid-containing mitochondrion may possess mtDNA of roughly 109 kb (0.81 3 134 kb) in size on average. Given that the complete genome of Arabidopsis mtDNA is 366.9 kb in size (Unseld et al., 1997) , a mesophyll cell is calculated to have 66.7 copies of mtDNA (670 3 66 3 109/ [197 3 366.9] ). This is a value very close to that determined by our PCR quantification method. We thus conclude that the mitochondrial genome of the Arabidopsis mesophyll cell is indeed insufficient and that the method used in this study produces reliable results for the quantification of cellular DNA amounts.
mtDNA Levels in Egg Cells
The isolation of intact egg cells involves, first, the isolation of the embryo sacs in an enzyme medium and then the discrimination and manual release of the cell under microscopic monitoring. Using this technique, we isolated egg cells from Arabidopsis, A. majus, Nicotiana tabacum, and P. zonale (see images of isolation in Figure 3A and Supplemental Figure 5 online). Three independent quantifications, using 15 egg cells in total, yielded a mean of 59.0 6 14.4 copies of mtDNA per egg cell of Arabidopsis ( Figure  3A ). Similar amounts of mtDNA were detected in the egg cells of A. majus and N. tabacum (42.7 6 3.5 and 73.0 6 17.5 copies per cell, respectively; Figure 3B ; see Supplemental Figure 5 online). Notably, these values for mtDNA quantity were equivalent to those found in somatic (mesophyll) cells. It thus appears that maternal mitochondrial inheritance in these species does not depend on mtDNA amplification in egg cells. This is a distinctly different result from those obtained in previous studies on animals (e.g., a bovine oocyte contains 100 times as much mtDNA as a bovine somatic cell, as described above).
In contrast, egg cells of P. zonale were found to contain a considerably higher quantity of mtDNA (1852.7 6 483.9 copies per cell; Figure 3B ; see Supplemental Figure 5 online). This value is 30-fold greater than that of the Arabidopsis mesophyll cell (A) Living mesophyll, sperm (generative), and egg cells were isolated, purified in mannitol-containing medium, and prepared for PCR. All procedures were monitored with an inverted microscope. A freshly released cell was immediately selected from the isolation plate and washed by repeated pipetting on four serial washing plates containing fresh medium to remove visible contamination. Intact cells became spherical in shape during the washing procedure. (1852.7 versus 61.7), implying a possible amplification of egg mtDNA in P. zonale. It is notable also that P. zonale is a rare species among angiosperms in that it employs biparental mitochondrial inheritance. However, we could not be sure that this high quantity might relate to this biparental inheritance. More examinations of such species will be required to determine this possibility. For Cucumis melo, the only angiosperm species known to employ paternal mitochondrial inheritance (Havey et al., 1998) , insurmountable technical difficulties unfortunately prevented us from isolating intact egg cells.
mtDNA Levels in Generative or Sperm Cells
The generative or sperm cells of A. majus, Arabidopsis, C. melo, N. tabacum, and P. zonale were released from mature germinating pollen tubes or pollen grains via osmotic shock. Figure 4A shows a burst Arabidopsis pollen tube, a purified Arabidopsis sperm cell, and the PCR quantification results we obtained for Arabidopsis sperm cells. In Arabidopsis (ecotype Columbia), preliminary experiments detected less than one copy of mtDNA in a sperm cell. This value is below the limit of accurate quantification. We thus performed the PCR analysis using batches of 10 cells, which yielded a finding of 7.3 6 1.5 copies of mtDNA per 10 Arabidopsis sperm cells ( Figure 4A ), indicating that a sperm cell of Arabidopsis possesses as few as 0.73 mtDNA copies.
However, it is known that an ;620-kb mtDNA fragment containing matR is inserted into chromosome 2 of Arabidopsis (ecotype Columbia; Stupar et al., 2001) . Given that this matR sequence may be amplified along with the mitochondrial matR sequence, the actual mtDNA copy number in Arabidopsis sperm cells might be even less than 0.73.
To investigate whether our PCR procedure amplified the nuclear sequence on chromosome 2, we used PCR of single sperm cells to detect a single-copy nuclear fragment (At T5E7f) (A) Mesophyll protoplasts were isolated from young leaves of Arabidopsis (ecotype Columbia) and purified (top panel). Three competitive PCR quantifications (I, II, and III) were used to determine the mtDNA levels per cell (bottom three panels). For each quantification, four protoplasts were pretreated by freezing, heating, and proteinase K digestion, and the resulting mixture was divided equally into four PCR tubes. The mtDNA copy number per cell was calculated from the PCR samples, yielding product ratios closest to the previously determined efficiency coefficient ( near the mtDNA insertion. This analysis yielded 14 positive detections out of 16 cells examined ( Figure 4B ), suggesting that nuclear matR could be amplified from most sperm cells under our PCR conditions; thus, the value of mtDNA (0.73 copies per cell) might include largely nuclear contributions. With this in mind, single-cell PCR amplifications were performed for sperm cells purified from the Landsberg ecotype of Arabidopsis. A partial fragment of ribonucleotide reductase R1 (RNR1), a singlecopy nuclear gene reported previously (Chabouté et al., 1998) , was amplified as a control. Strikingly, the amplification of the matR sequence from the Landsberg sperm cells was much lower (3 positive detections from 36 cells) than that from Columbia cells (15 positive detections from 16 cells; Figure 4B ). From the results with Landsberg, we conclude that the average mtDNA copy number in Arabidopsis sperm cells is in fact 0.083 rather than 0.73.
Our preliminary experiments also detected low mtDNA contents in the generative cell of A. majus and the sperm cells of N. tabacum. We accordingly purified these cells and performed PCR using 15-cell batches. Three independent quantifications of A. majus generative cells (performed in duplicate for a total of 90 cells) and of N. tabacum sperm cells (performed in triplicate for a total of 135 cells) yielded mtDNA copy numbers of 7.0 6 1.0 and 15.3 6 8.5 copies per 15-cell batch, respectively, equivalent to 0.47 6 0.07 and 1.0 6 0.6 copies per cell, respectively ( Figure 4C ; see Supplemental Figure 6 online). These values were very consistent with the findings from our single-cell examinations using the single-copy nuclear genes Am granule-bound starch synthase 1 (GBSS1; Mé rida et al., 1999) and Nt RNR2 (Chabouté et al., 1998) It is clear that the sperm cells of Arabidopsis, A. majus, and N. tabacum, species known to undergo maternal mitochondrial inheritance, contribute not more than one copy of mtDNA to the zygotes. This is consistent with the maternal mode of inheritance in these plants. To understand better how male mtDNA is transmitted in cases of biparental and paternal inheritance, we performed identical quantifications in C. melo and P. zonale, respectively. A generative cell of C. melo was found to possess 1296.3 6 310.6 copies and a sperm cell of P. zonale 256.7 6 71.2 copies of mtDNA ( Figure 4C ; see Supplemental Figure 6 online). These values indicate that the sperm cells of C. melo and P. zonale may contribute male mtDNA at levels that are 4.2-fold (for P. zonale, 256.7 versus 61.7) and 21.0-fold (for C. melo, 1296.3 versus 61.7) greater than that of an Arabidopsis mesophyll cell.
Given that the maternal species possess mtDNA at ;1:1000 (the Arabidopsis case, 0.083:61.7) to 16:1000 (the tobacco case, 1:61.7) of the mesophyll cell levels, it is apparent that mtDNA quantities of the male gametic cells are highly regulated in angiosperms with regard to mitochondrial inheritance.
Regulation of the mtDNA Levels in Male Gametic Cells
Previous studies have suggested that pollen and male gametic mtDNA may be degraded in species that undergo maternal mitochondrial inheritance (Miyamura et al., 1987; Nagata et al. 1999; Sodmergen et al., 2002; Hu et al., 2005) . We performed quantitative analyses of this event. First, the total mtDNA levels within single pollen grains were quantified via our PCR technique. The results indicated 482.7 6 95.9 copies per early binucleate pollen and 16.0 6 3.6 copies per mature pollen of A. majus ( Figure 5A ). This indicates a 30-fold degradation of pollen mtDNA during pollen development. A parallel experiment, using a coxI probe for hybrid pollen total DNA on a DNA gel blot, yielded a similar result ( Figure 5B ). Following these analyses, pollen (A) An Arabidopsis (ecotype Columbia) egg cell (Ec) was isolated from a digested embryo sac (top left) and purified (top right). Three quantifications (I, II, and III) using competitive PCR were implemented to determine the amount of mtDNA per cell (bottom three panels). For each quantification, five egg cells were pretreated by freezing, heating, and proteinase K digestion, and the resulting mixture was divided equally into five PCR tubes. The mtDNA copy number per cell was calculated for the PCR sample with a target:competitor product ratio closest to the previously determined efficiency coefficient (0.80 for Arabidopsis; see Supplemental To evaluate further the degree of regulation in relation to mitochondrial inheritance, it was necessary to quantify the mtDNA in the earliest generative cells. However, isolation of these cells is technically not possible at present because they firmly associate with the pollen intine just after the first pollen mitosis. We thus estimated the mtDNA quantity of the cell from the cytoplasmic volumes. This approach is feasible because of the nonpolarized distribution of microspore mitochondria during the first pollen mitosis (for examples, see Schrö der, 1985; Sodmergen et al., 2002 ; also refer to the dihexyloxacarbocyanine iodide [DiOC 6 ] images in Figure 6 and Supplemental Figure 10 online). Using sections through the center of A. majus pollen grains, we surveyed the volume of vegetative cytoplasm and found a value of 1562.0 6 94.4 mm 3 and that of the generative cytoplasm to obtain a value of 79.9 6 6.4 mm 3 (see Supplemental Figure 9 online), indicating an mtDNA compartmentalization ratio of 19.6 6 1.7:1 between the cells. Given the total quantity of mtDNA (482.7 6 95.9 copies) per pollen grain, an early generative cell is predicated to possess ;23.4 copies (482.7/20.6). Compared with that quantified from the mature generative cell (0.47 copies per cell), a 50-fold reduction in mtDNA was indicated to occur in the generative cell. This result indicated a more rapid mtDNA degradation in the generative cell than in the pollen grain overall, which undergoes a 30-fold reduction in mtDNA, as described above. In Arabidopsis, greater mtDNA labeling was observed in the vegetative mitochondria than in the generative mitochondria, consistent with this idea (see Supplemental Figure 8 online).
To understand better how the high quantities of male gametic mtDNA in C. melo and P. zonale were achieved, we examined (A) An Arabidopsis (ecotype Columbia) sperm cell (Sc) was isolated from a burst pollen tube (top left) and purified (top right). Three quantifications (I, II, and III) using competitive PCR were performed to determine the amount of mtDNA per batch of 10 cells (bottom three panels). For each quantification, 20 sperm cells were pretreated by freezing, heating, and proteinase K digestion, and the resulting mixture was divided equally into two PCR tubes. The mtDNA copy number per 10-cell batch was calculated for the PCR sample with a target:competitor product ratio closest to the previously determined efficiency coefficient (0.80 for Arabidopsis; see Supplemental Figure 4 online). The measurements from the three quantifications were then averaged to obtain the mean value. (B) Detection of mtDNA from single sperm cells of Arabidopsis. Using PCR conditions similar to those described in (A), mtDNA was detected in 15 of the 16 sperm cells examined (ecotype Columbia; top panel). An internal control using a single-copy sequence found on chromosome 2 (T5E7; for structural description, see Supplemental Figure 12 online) was also detected, indicating that the quantification procedure might have amplified the known mtDNA insertion in the Columbia nuclear DNA genome. On the other hand, in cells of the ecotype Landsberg (bottom panels), mtDNA was detected in 3 of 36 sperm cells. In this case, a single-copy nuclear sequence (RNR; for structural description, see Supplemental Figure 12 online) was utilized as the internal control. A mesophyll protoplast (C + ) and 0.5 mL of cell-free washing medium (C -) were used as positive and negative template controls, respectively. (C) Mean mtDNA content per sperm or generative cell in Arabidopsis, A. majus, N. tabacum, C. melo, and P. zonale . Quantifications of sperm mtDNA in these angiosperm species were performed as described in (A) for Arabidopsis (see Supplemental Figure 6 online). Error bars represent SD. sections of the corresponding cells during pollen development. It has been shown previously that mtDNA fluorescence increases in the cells of P. zonale, implying duplication of male gametic mtDNA (Nagata et al., 1999) . We again observed this trend in C. melo ( Figure 6 ). In pollen grains just after their first mitosis, fluorescence of mitochondrial nucleoids (mtDNA) was equal in intensity between the early generative and vegetative cells. This indicates that during pollen mitosis, mitochondria with equal amounts of DNA are received by the early pollen cells. Notably, however, the fluorescence of mitochondrial nucleoids in the mature generative cell was remarkably stronger. Image analysis revealed that the nucleoid fluorescence in the mature generative cell was 4.9-fold higher on average than that in the early generative cell (8176.0 6 1246.2 per nucleoid in the mature cell and 1662.6 6 567.8 per nucleoid in the early cell, in arbitrary units). Given that a mature C. melo generative cell contains mtDNA at a 21-fold higher amount than a mesophyll cell (1296.3 versus 61.7 copies as detected above) and that nucleoid fluorescence reflects the level of mtDNA as shown in Figure 5 , it is very possible that the highly increased nucleoid fluorescence intensity may reflect a preferential amplification of mtDNA in the generative cells during pollen development. In contrast, the nucleoid fluorescence in the mature vegetative cell decreased considerably (1617.8 6 499.1 per nucleoid in the early cell and 269.9 6 75.5 per nucleoid in the mature cell, in arbitrary units). This decrease was phenotypically similar to plants that undergo maternal mitochondrial inheritance (see Arabidopsis and A. majus examples in this study). In C. melo, however, we did not perform PCR analysis of the mtDNA levels in vegetative cells during pollen development. The decrease in fluorescence intensity in this plant may similarly reflect a degradation of vegetative mtDNA. In P. zonale, we observed similar results (see Supplemental Figure 10 online).
Egg and Sperm Mitochondria
The spatial distribution pattern of the mitochondria within an egg cell is an early indicator of how mitochondrial inheritance is regulated in female gametes, as has been demonstrated for plastids (Zhu et al., 1993; Rusche et al., 1995) . We were (A) Gently crushed pollen grains of A. majus were subjected to competitive PCR to quantify the mtDNA levels. Three quantification experiments each were performed for early and mature pollen in which five crushed pollen grains were pretreated by freezing, heating, and proteinase K digestion. The resulting mixture was then divided equally into five PCR tubes. The mtDNA copy number per early or mature pollen grain was calculated using the PCR samples with a target:competitor product ratio closest to the previously determined efficiency coefficient (0.66 for A. majus; see Supplemental Figure 4 online). The measurements from the three quantifications were then averaged to obtain the mean values. (B) Analysis of the degradation of A. majus pollen mtDNA by DNA gel blot hybridization. Total DNA extracted from early and mature pollen grains was digested with EcoRI and probed with a coxI fragment. As a loading control, the samples were also probed with a nuclear rDNA fragment. interested to know if the genomic insufficiency of mitochondria observed in the mesophyll cells (Figure 2 ) could possibly occur in the egg cell also, as our initial PCR result showed that the egg cell contained a quite similar amount of mtDNA to the mesophyll cell (61.7 6 5.5 copies per mesophyll cell and 59.0 copies per egg cell; Figures 2 and 3) . To investigate this further, we employed electron microscopy via serial ultrathin sectioning and computerized three-dimensional analysis of an unfertilized egg cell (Figure 7 ; see Supplemental Movie 1 online).
The cell examined was 3851.0 mm 3 in volume and contained 795 mitochondria and 16 plastids (for more details of the cellular parameters, see Supplemental Table 1 online) . This first indicates a very similar genomic insufficiency for egg mitochondria as compared with the mesophyll cell. It could be calculated that an Arabidopsis egg mitochondrion may contain 0.078 (59.0/759) copies of mtDNA on average, which indicates that ;13 (759/ 59.0) mitochondria share a complete mtDNA genome. To analyze mitochondrial and plastid distributions within the cell in relation to possible polarization of these organelles during zygote division, a partition plane is required to separate the egg cell into apical and basal portions. However, zygotic division has not been quantitatively analyzed in Arabidopsis so far. We thus predicted such a plane by referring to (1) zygote division in M. sativa, in which an apical and a basal cell form with a cytoplasm volume ratio of 1:2 (Rusche et al., 1995) ; and (2) the localization of the cell nucleus in an Arabidopsis zygote just before division, from which we assumed a cytoplasm volume ratio of 1:1.68 ( Figure 8A ). Using the partition plane of M. sativa, the apical and basal portions of the Arabidopsis egg cell were predicted to have 81 (10%) and 714 (90%) mitochondria and 2 (13%) and 14 (87%) plastids, respectively. It thus appeared that the basal portion had higher proportions of mitochondria and plastids than the apical portion. A similar result was obtained with a predicted partition plane from Arabidopsis ( Figure 8B ). The apical and basal portions of the cell possessed 133 (17%) and 662 (83%) mitochondria and 4 (25%) and 12 (75%) plastids, respectively. Hence, in both of these partition planes, the basal portion is rich in mitochondria and plastids ( Figure 8C ). We thus conclude that the distribution of mitochondria in the egg cell of Arabidopsis is not likely to exert a bias toward the maternal inheritance of this species.
Interestingly, the sperm cells of Arabidopsis possess an equivalent mtDNA quantity (0.083 copies per cell; Figure 4) to that of an egg mitochondrion (0.078 copies per mitochondrion, as described above). We thus speculated that the sperm cells may possess as few as one mitochondrion per cell, if the degradation of sperm mtDNA is not taken into account. Using three-dimensional analysis, two paired sperm cells containing 9 and 15 intact mitochondria, respectively, were observed ( Figure  7 ; see Supplemental Movie 2 online). This again revealed the degradation of sperm mtDNA and suggested that degradation is not likely to be accompanied by the destruction of mitochondrial structures.
Another cytological result that may be important for our increased understanding of mitochondrial inheritance is that the sperm and vegetative mitochondria of Arabidopsis were found to be much smaller than those in the egg cells, as revealed by electron microscopy ( Figure 7) . From our examination of ultrathin sections, average mitochondrial volumes of 12.8 3 10 22 , 11.8 3 10 22 , and 11.4 3 10 22 mm 3 were estimated in the mesophyll cell, early microspore, and egg cell, respectively. Because the subsequent statistical analysis did not reveal significant deviations among these values (see Supplemental Figure  11 online), it was concluded that these volumes are "normal." In contrast, in the mature vegetative and sperm cells, the average mitochondrial volumes were 3.2 3 10 22 and 1.1 3 10 22 mm 3 , respectively, or one-quarter and one-tenth the size of the normal mitochondria, respectively. It is apparent, therefore, that the degradation of mtDNA and loss of mitochondrial volume are parallel events in pollen cells.
DISCUSSION Genomic Insufficiency of Mitochondria
The concept of mtDNA copy number is used both here and in other studies to denote the amount of mtDNA that is equivalent to certain full sets of mitochondrial genes (Laser et al., 1997; Draper and Hays, 2000) . Since all of the mitochondrial genes are necessary for proper mitochondrial function, it is a widely held view that each mitochondrion must possess at least one full copy of mtDNA. However, previous reports and the results of this study strongly suggest that this may not always be the case, at least in plants. The first evidence for this was found in cells of Cucurbitaceae, containing 110 to 140 copies of mtDNA and 360 to 1100 mitochondria per cell (Bendich and Gauriloff, 1984) . In Arabidopsis, it has been reported that leaf cells contain ;670 mitochondria (Sheahan et al., 2005) , whereas the copy number of mtDNA per cell is ;50 (Draper and Hays, 2000) . These values obtained from separate studies imply that the amount of mtDNA is largely less than one copy per mitochondrion. We further verified this finding in our current experiments. The mean level of mtDNA we detected was 61.7 6 5.5 copies per cell (Figure 2A) , very close to the value reported previously. More interestingly, we observed an absence of fluorescent nucleoids within nearly 67% of mitochondria ( Figure 2B ). This may be the first visualization of genomic insufficiency in plant mitochondria. Our results also showed that the amount of mtDNA contained in the fluorescent nucleoids of the remaining 33% of the mitochondria was ;109 kb ( Figure 2C ). Compared with the full genome of Arabidopsis mtDNA at 366.9 kb in size (Unseld et al., 1997) , it appears that even the mitochondria with mtDNA possess insufficient genomes.
In plants, a complete mitochondrial genome may be carried on several mtDNA molecules, owing to the substantial length and heteromorphy of plant mtDNA. In N. tabacum, for example, the mitochondrial genome has been measured at 430.6 kb of mtDNA (Sugiyama et al., 2005) . It is indicated, however, by direct observations that most of the mtDNA molecules (;60%) of N. tabacum are 21 to 33 kb in length (Satoh et al., 1993) . Clearly, the full mitochondrial genome is necessarily composed of heterogeneous and complementary molecules that are shorter than 430.6 kb in this species. This molecular feature of plant mtDNA also enables the subpackaging of a complete genome into several mitochondria. Nucleoids with mtDNA of ;109 kb, as have been detected in Arabidopsis mesophyll cells, can thus be reasonably predicted to contain a partial mitochondrial genome. In addition, as the mtDNA value we quantified directly from cells (61.7 6 5.5 copies per cell; Figure 2A ) matches the value that could be predicted from our cellular analysis (66.7 copies per cell: 670 mitochondria per cell on average 3 33.5% containing nucleoids 3 109 kb of mtDNA per nucleoid/366.9 kb of DNA per mitochondrial genome), we speculate that most mesophyll mitochondria (the 66.5% without fluorescent nucleoids) may possess no, or very small amounts of, mtDNA. It has been further demonstrated that plant mitochondria undergo massive and frequent fusions and fissions that are not accompanied by notable changes in the mitochondrial number (Arimura et al., 2004) . This may underlie material exchange among mitochondria and explain how ostensibly insufficient mitochondrial genomic information is shared within plant cells.
It is notable that the genomic insufficiency of mitochondria is also observed in the egg cells of Arabidopsis. Our results indicate that 59.0 6 14.4 copies of mtDNA ( Figure 3A ) and 795 mitochondria (Figure 7 ; see Supplemental Table 1 online) exist per egg cell. This indicates a similarity between angiosperm eggs and somatic cells in terms of maintaining similar numbers of mitochondria and similar amounts of mtDNA (;670 mitochondria and 61.7 6 5.5 copies of mtDNA per mesophyll cell; Figure 2 ; Sheahan et al., 2005) . Egg cells of A. majus and N. tabacum possess mtDNA at an equivalent level ( Figure 3B ; see Supplemental Figure 5 online). This indicates that the egg cells of angiosperms (except for P. zonale) may maintain mtDNA at amounts that are equivalent to those of somatic cells. This largely differs from animal cells; in a bovine oocyte, for example, the mtDNA is amplified to 2.6 3 10 5 copies, which is ;100-fold higher than the levels in a somatic cell (Michaels et al., 1982) . Given that the relative inputs of male and female mtDNA into the zygotes is critical for proper maternal inheritance (Shitara et al. 2000) , the remarkable amplification of egg mtDNA is undoubtedly a key cellular event that regulates this process in animal cells. Our current results indicate that such an event does not occur in the egg cells of A. majus, Arabidopsis, or N. tabacum, (A) Soon after fertilization, the egg cell of Arabidopsis elongates rapidly to form a tubular zygote, and the first zygote division takes place within the tubular cell (Mansfield and Briarty, 1990) . To predict the division plane, we traced a zygotic nucleus during deformation of fertilized egg cells and observed via a clear sample that the nucleus assigns the tubular cell into apical and basal portions at a 1:1.68 length ratio from the apical end. As the cell was almost tubular, we used this length ratio as a ratio of the volume between the apical and basal portions. (B) A computer-generated partition plane separating the egg cell into apical and basal portions with a 1:1.68 ratio of cytoplasm volumes. Mitochondria and plastids were counted from both these portions (see Supplemental Table 1 online). The cell nuclei, mitochondria, and plastids are rendered in blue, yellow, and red, respectively. (C) Distribution of mitochondria and plastids between the apical and basal portions of the egg cell. Relative to the volume of the cell portions (shown by the numbers in the black bars), both the mitochondria and plastids showed a clear tendency toward partitioning into the basal portion, regardless of the partition plane (represented by the horizontal line) used in our analysis (for details, see Supplemental Table 1 online).
suggesting that maternal mitochondrial inheritance in these species is not regulated by this mechanism in the egg cell.
The lack of a regulatory function for the egg cell in maternal mitochondrial inheritance is also manifested by the distribution of mitochondria within this cell. In M. sativa, the apportioning of more plastids to the apical portion of the egg cell heightens the ratio of maternal plastid inheritance (Zhu et al., 1993; Rusche et al., 1995) . We initially expected to observe an apical-biased distribution of mitochondria and plastids in the Arabidopsis egg cell, in line with observations in M. sativa and the maternal mode of organelle inheritance in Arabidopsis. Our present results, however, show that higher proportions of both plastids and mitochondria are distributed to the basal region (Figures 8B and  8C ; see Supplemental Table 1 online ). This appears to be inconsistent with the regulatory functions observed in the egg cell of M. sativa. We thus speculate that (1) for plastid inheritance, regulation by the egg cell may differ between maternal (Arabidopsis) and biparental (M. sativa) species; and (2) the mechanism that regulates plastid inheritance in the egg cell may simply not function for mitochondria. Because only one egg cell was examined in this study, the data could not be analyzed statistically. Notably, a similar nonpolarized distribution of mitochondria has been observed previously in egg cells of M. sativa (Zhu et al., 1993) , although the mitochondrial distribution was not specifically analyzed in this earlier study.
Male Gametes as Key Players in Mitochondrial Inheritance
As described above, the relative input ratio of male to female mtDNA into the zygote is critical for maternal inheritance. In the mouse, this ratio has been measured at ;1:10 4 (i.e., ;50 copies per sperm cell; Hecht et al., 1984) and 5.0 3 10 5 copies per egg cell (Shitara et al., 2000) . In this study, the results have revealed an extremely low mtDNA content in an Arabidopsis sperm cell, at merely 0.083 copies on average (Figure 4 ), more than 700-fold less than the level in a somatic cell (61.7 copies per mesophyll cell; Figure 2 ). This indicates a far more pronounced degradation of male gametic mtDNA in angiosperms compared with animal cells (e.g., a 20-fold decrease is observed in the mouse as described above). Similarly, the male gametic cells of A. majus and N. tabacum contained mtDNA at 0.47 and 1.0 copies per cell, respectively ( Figure 4C ; see Supplemental Figure 6 online), much less than the levels found in an animal sperm cell. Using the generative cells of A. majus, we here demonstrated a 50-fold degradation of mtDNA during pollen development ( Figure 5 ). Moreover, because the possible effects of nuclear artifacts are not corrected for in the results with A. majus and N. tabacum, the true amounts of male gametic mtDNA in these plants may well be lower than the values indicated. Given that the egg cells of A. majus, Arabidopsis, and N. tabacum contain copies of mtDNA that are equivalent in number to a somatic cell, it is clear that in these angiosperm species, the ratio of mtDNA inputs required for maternal inheritance is achieved in the main from the male gametes. In addition, our results indicate that a sperm cell may contribute less than a full mtDNA genome to the zygote. This provides further evidence that the male gamete, rather than the female gamete, plays the most critical role in regulating maternal inheritance in angiosperms.
The angiosperm species C. melo and P. zonale provide a rare resource for the study of paternal and biparental mitochondrial inheritance, which are unknown in animals. Our results here show that a key role of the male gametes is also manifested in the regulation of paternal and biparental mitochondrial inheritance in these plants. The male gametic cells of C. melo and P. zonale possess mtDNA at 1296.3 6 310.6 and 256.7 6 71.2 copies per cell ( Figure 4C ; see Supplemental Figure 6 online), ;4 to 20 times more than Arabidopsis mesophyll cells. These examples provide evidence that it is not the small size of the sperm cells that blocks paternal transmission and, therefore, that the difference in volume between the male and female gametic cells is not a determinant of non-Mendelian genetics. At the same time, these results indicate that the male gametic cells act as the key regulators of biparental and paternal mitochondrial inheritance.
Possible Genetic Approaches to the Study of Mitochondrial Inheritance
The aim of this study was to determine the key point at which mitochondrial inheritance is regulated during plant gametic development. We expect to be able to predict important cellular events that may participate in this regulatory mechanism in the not too distant future, thereby gaining insight that will allow further genetic investigations. Our findings here have localized the regulation of non-Mendelian genetics to the male gamete. We thus conclude that the mechanisms that regulate the amount of male gametic mtDNA are also important regulatory mechanisms for mitochondrial inheritance in angiosperms. This suggests a clearer target for further genetic studies. For example, the rapid upregulation and downregulation of mtDNA that occurs after the first pollen mitosis (Figures 5 and 6 ; Nagata et al., 1999) implies that mitochondrial DNase and DNA polymerase function within the developing generative cell. A focus on the possible involvement of these enzymes in the regulation of mitochondrial inheritance is thus warranted in the near future.
For a deeper insight into these regulatory mechanisms, we note that after the massive degradation of mtDNA in the male gametic cells, a minor amount of mtDNA does remain in the mature cell (i.e., 0.083, 0.47, and 1.0 copy per cell in A. majus, Arabidopsis, and N. tabacum, respectively;  Figure 4C ; see Supplemental Figure 6 online). This may explain the minor degree of paternal leakage during the maternal inheritance process (Gyllensten et al., 1991) and indicates an incomplete degradation of mtDNA in the male gametic cells in vivo. Similarly incomplete degradation of mtDNA was also observed in the vegetative cell ( Figure 5 ) in vitro, indicating the possibility that non-DNase factors participate in the regulatory mechanism. This idea is supported by evidence from both mammals and yeast. The mammalian mitochondrial transcription factor (Tfam) restricts mtDNA levels; a homozygous knockout of Tfam results in a lethal phenotype with the embryos lacking mtDNA, and the cellular mtDNA copy number depends on the Tfam level (Larsson et al., 1998) . Abf2p, a mitochondrial protein from yeast, has also been reported to restrict mtDNA levels (Newman et al., 1996) . Notably, both of these proteins appear to bind mtDNA and stabilize it against degradation by DNase (Newman et al., 1996; Alam et al., 2003; Kucej et al., 2008) . It has thus been speculated that Tfam and Abf2p might package mtDNA into nucleoids that thereby protect the mtDNA from degradation (Kang et al., 2007; Sia et al., 2009) .
In angiosperms, however, although the dynamics of the mtDNA levels have been described, little is known about the regulation of these levels. We speculate that the mtDNA copy number in plant cells may be similarly regulated by factors with Tfam-and/or Abf2p-like functions and thus recommend further research into mtDNA binding proteins in plant cells. It is notable in this regard that animal sperm mtDNA codegrades with a testisspecific Tfam (Rantanen and Larsson, 2000; Rantanen et al., 2001) . Similarly, plant mitochondrial inheritance (i.e., the mtDNA levels) may be regulated by nucleoid proteins within the male gametic cells. The significant loss of the sperm and vegetative mitochondrial volumes during pollen development (Figure 7 ; see Supplemental Figure 11 online) that occurs in concert with mtDNA degradation probably coincides with a rapid loss of mitochondrial proteins. Previous studies showing the lack of mitochondrial division within pollen cells (Mogensen and Rusche, 1985; may support this degradation. Given also that pollen germination and tube growth require active oxidative phosphorylation, any proteins lost from the mitochondria must be only indirectly involved in energy conversion. Hence, a fuller understanding of the molecular regulation of mitochondrial inheritance may require further study of mitochondrial, and particularly nucleoid, proteins that are degraded in the male gametic mitochondria.
METHODS
Plant Materials
Plant materials used in this study were extracted from Antirrhinum majus (line Tahiti) 
Isolation of Gametic Cells and Leaf Protoplasts
Gametic cells were isolated from fresh ovules and pollen tubes (or pollen grains) based on the method of Tian and Russell (1997) . Briefly, to obtain mature egg cells, unfertilized ovules were gathered onto a culture plate , 13% mannitol, pH adjusted to 5.8 with MES) and incubated for 2 to 2.5 h at room temperature with occasional gentle rotation. The solution was then replaced with fresh 13% mannitol, and the ovules were dissected with a glass needle with an inverted microscope to obtain egg cells. P. zonale ovules were predissected into two parts before enzyme treatment, and the halves containing the egg cells were incubated in the enzyme solution.
Generative and sperm cells were released from pollen tubes or pollen grains by osmotic shock. Pollen tubes were germinated in Suc-containing medium containing the basic components for pollen germination, including boric acid and calcium. For A. majus, pollen grains were germinated in 15% Suc containing 0.05% H 3 BO 3 and 5 mM CaCl 2 for 4 h at 288C. The pollen tubes were then shocked with 6.5% mannitol solution to release the generative cells. For Arabidopsis, germination was performed according to the method of Boavida and McCormick (2007) , with the exception that the medium contained 15% Suc. For N. tabacum, generative cells were induced to divide within pollen tubes using a semi-in vivo procedure (Tian and Russell, 1997) , after which the sperm cells were released. For C. melo and P. zonale, the generative and sperm cells were released directly from the mature pollen grains. The grains were then collected into 30% Suc and transferred to 13% mannitol for release of the cells.
Isolation of leaf protoplasts of Arabidopsis used the same enzyme solution used for the isolation of egg cells. Fresh leaves were cut into thin strips 0.5 mm wide and immersed immediately into the enzyme solution. Mesophyll protoplasts were collected from the solution after 1 h of incubation at room temperature.
Quantitative PCR
The quantitative PCR method used in this study is based on a previous protocol (Gilliland et al., 1990) . Briefly, after careful washing, as shown in Figure 1 , gametic cells were transferred to PCR tubes containing 5 mL of double-distilled water (ddH 2 O) supplemented with 1 ng/mL denatured salmon sperm DNA. After two rapid freeze/thaw cycles, the PCR tubes were immediately heated at 958C for 5 min. To release the DNA templates, 5 mL of proteinase K solution (200 mg/mL Proteinase K [Merck] in 13 Taq polymerase buffer) was added to the PCR tubes, which were incubated overnight at 568C and stored at -808C. Before PCR amplification, the tubes were incubated at 958C for 5 min to permanently inactivate the Proteinase K. The quantification of mtDNA from pollen of A. majus and Arabidopsis used the same procedure for sample treatment. In this case, however, pollen grains placed on a silicon plate were gently crushed in ddH 2 O with a glass needle. After transfer of the ddH 2 O containing the crushed pollen grains to the PCR tubes, two washes using 5 mL of ddH 2 O in total were performed to elute the pollen cell cytoplasm that may have attached to the silicon plate and the glass needle, and these portions of ddH 2 O were combined in the PCR tubes.
The mtDNA was quantified using two rounds of competitive PCR with mitochondrial matR and coxI as targets. The construction, cloning, and validation of the competitor templates are described in Supplemental  Figures 1 to 3 online. The primers used for PCR amplification are shown in Supplemental Figure 1 online and listed in Supplemental Table 2 online. The first-round PCR was performed in 25-mL reaction mixtures containing 13 Taq polymerase buffer, 0.2 mM deoxynucleotide triphosphates, 0.4 mM each of first-round primer, 1 unit of Taq polymerase, competitor template plasmid, and cell samples prepared as described above. The PCR conditions consisted of an initial denaturation at 958C for 5 min; 20 cycles of 948C for 30 s, 608C for 30 s, and 728C for 40 s; and a final elongation at 728C for 5 min. One microliter of the first-round PCR product mixture was used as the template for second-round PCR, which was performed according to the first-round PCR procedure except that second-round primers were used and 27 rather than 20 cycles were used. For PCR of the mtDNA from single sperm cells, a similar procedure was used, except that the first-round PCR was performed for 25 cycles and no competitor template was added. As internal controls, single-copy nuclear fragments were amplified with specific primers (see Supplemental Figure 12 and Supplemental Table 2 online).
Extraction and Analysis of Pollen DNA
For DNA gel blot hybridization analysis, pollen genomic DNA was extracted using a standard cetyltrimethylammonium bromide procedure.
To obtain large amounts of A. majus pollen, anthers containing early pollen (undergoing first mitosis) and mature pollen were collected in 30% Suc and squeezed to release the pollen grains. The anther debris was removed by filtration through a 50-mm nylon mesh. After three rounds of washing in fresh Suc solution with brief centrifugation at 100g, pure pollen grains were obtained. The DNA was then digested, separated, and transferred to a nylon membrane according to standard procedures. The membrane was hybridized with Arabidopsis mitochondrial coxI and A. majus 18S nuclear rDNA fragments. These fragments were amplified by PCR using the primers listed in Supplemental Table 2 online and labeled with [a-32 P]dCTP using a random priming DNA labeling kit (TaKaRa).
Cytology
Gametic cells were examined using standard fluorescence microscopy and immunoelectron microscopy procedures. Samples were fixed with 3% (v/v) glutaraldehyde and 1% (w/v) paraformaldehyde and embedded in Technovit (Kulzer) or LR White (Sigma-Aldrich) resin. For electron microscopy, the fixed samples were postfixed with 2% (w/v) osmium tetroxide and embedded in Spurr's resin. Sections for fluorescence microscopy and immunoelectron microscopy (500-and 75-nm thickness, respectively) were produced using a microtome (Leica).
Sections for fluorescence microscopy were stained with DAPI and DiOC 6 based on the methods of Nagata et al. (1999) , and sections for electron microscopy were stained with 1% uranyl acetate and lead citrate before observation. Immunoelectron microscopy for the detection of cellular DNA was based on the method of Johnson and Rosenbaum (1990) . Sections were incubated first with a mouse anti-DNA antibody (Sigma-Aldrich) and then with goat anti-mouse IgM conjugated to 10-nm colloidal gold (British BioCell International). Sections for immunoelectron microscopy were briefly incubated with 1% uranyl acetate. Negative control sections were pretreated with DNase before processing as above.
For the three-dimensional analysis of gametic cells, pollen grains and ovules of Arabidopsis were fixed and embedded for electron microscopy. Complete serial sections of the sperm and egg cells were produced and inspected. Cell membranes, plastids, mitochondria, and cell nuclei were examined using ultrastructural images manually calibrated for electronic deformation. Three-dimensional models of the cells were reconstructed from this information using our newly written computer programs (available upon request).
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: mitochondrial maturase of A. majus, AY453102; mitochondrial maturase of Arabidopsis, Y08501; mitochondrial maturase of N. tabacum, BA000042; mitochondrial maturase of C. melo, FJ791301; cytochrome c oxidase I of P. zonale, DQ317047; ribonucleotide reductase R1 of Arabidopsis (At RNR), AC007019; T5E7 fragment of Arabidopsis, AC006225; T18C6W fragment of Arabidopsis, AC007729; granule-bound starch synthase I of A. majus (Am GBSS), AJ006293 and AJ006294; and ribonucleotide reductase R2 of N. tabacum (Nt RNR), AJ276622 and X92443.
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